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INTRODUCTION 

Microbial  d e g r a d a t i o n  o f  c o a l s  t o  m a t e r i a l s  t h a t  a r e  s o l u b l e  i n  water  
has  been a t o p i c  o f  i n t e n s i v e  r e s e a r c h  f o r  t h e  l a s t  few y e a r s .  The 
p o t e n t i a l  f o r  economical recovery  o f  low-grade  c o a l s ,  coupled  w i t h  
p o s s i b i l i t i e s  f o r  f u r t h e r  upgrading by m i c r o b i a l  d e s u l f u r i z a t i o n  o r  
methanat ion  has  s p u r r e d  i n t e n s i v e  r e s e a r c h  a t  a number o f  
1 a b o r a t o r i  es .  Unti 1 very r e c e n t l y ,  coa l  b i o d e g r a d a t i o n  h a s  been 
accomplished u s i n g  low-grade ,  n a t u r a l l y  o x i d i z e d  c o a l s  such  a s  
l e o n a r d i t e  (1 ,2,3) ,  or c o a l s  s u b j e c t e d  t o  p r e t r e a t m e n t  w i t h  o x i d i z i n g  
chemicals  ( 4 ) .  We have been a b l e  t o  accomplish t h e  b i o d e g r a d a t i o n  o f  
bi tuminous I l l i n o i s  776 coal  a f t e r  a p r e t r e a t m e n t  c o n s i s t i n g  o f  a i r  
o x i d a t i o n ,  us ing  a c u l t u r e  of  t h e  fungus Penicillium s p .  We r e p o r t  
i n  th i s  paper  r e s u l t s  o f  chemical and s p e c t r o m e t r i c  a n a l y s e s  o f  the  
s t a r t i n g  m a t e r i a l s  and p r o d u c t s  from I l l i n o i s  #6 coal  b i o d e g r a d a t i o n ,  
and compare t h e  r e s u l t s  w i t h  t h o s e  p r e v i o u s l y  r e p o r t e d  ( 2 )  from t h e  
b i o d e g r a d a t i o n  o f  l e o n a r d i t e .  

EXPERIMENTAL 

Coal an d Coal P r e t r e a t m e n t  - I l l i n o i s  #6 coal  (mine-washed) was 
o b t a i n e d  from the  I l l i n o i s  Department o f  Natural  Resources .  Prior t o  
microbia l  t r e a t m e n t ,  t h e  coal  was s i z e d  t o  0 .5  t o  5 mm d i a m e t e r ,  
s p r e a d  t o  a l a y e r  approximate ly  1 cm t h i c k  on A1 f o i l ,  and h e a t e d  i n  
a f o r c e d  d r a f t  oven a t  150°C f o r  7 d a y s .  
made on t h e  coal  d u r i n g  p r e t r e a t m e n t  showed t h a t  t h e  coa l  t e m p e r a t u r e  
d i d  not  d e v i a t e  s i g n i f i c a n t l y  from t h e  oven t e m p e r a t u r e .  

Coal B i o d e a r a d a t i o n  -Agar p l a t e s  c o n t a i n i n g  Sabourauds m a l t o s e  medium 
(Difco  L a b o r a t o r i e s ,  D e t r o i t ,  MI) were i n o c u l a t e d  wi th  a s t r a i n  o f  
Penici 1 1  ium o b t a i n e d  from P r o f e s s o r  B a i l e y  Ward o f  L o u i s i a n a  S t a t e  
U n i v e r s i t y .  
g o f  p r e t r e a t e d  I l l i n o i s  $6 coal  was p l a c e d  on each p l a t e ,  and 
i n c u b a t i o n  cont inued .  W a t e r - s o l u b i l i z e d  coa l  was h a r v e s t e d  by 
p i p e t t e  a f t e r  5 weeks, passed  through 0.45  p f i l t e r s ,  and f r e e z e -  
d r i e d .  The r e s i d u a l  m a t e r i a l  was e x t r a c t e d  w i t h  50 m L  p o r t i o n s  o f  
0 . 5  N NaOH u n t i l  e x t r a c t s  were c o l o r l e s s  ( a p p r o x i m a t e l y  700 m L  was 
used per  p l a t e ) .  The b a s e  s o l u b i l i z e d  coal  was f i l t e r e d  (0 .45 v ) ,  
a c i d  p r e c i p i t a t e d  (HCl. pH 2), and d r i e d .  

Thermocouple measurements 

After 7 days i n c u b a t i o n  a t  room t e m p e r a t u r e ,  0.3 t o  0.4 
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S o l u b i l i z a t i o n  o f  l e o n a r d i t e  coal  by Coriolus versicolor has been 
d e s c r i b e d  e l sewhere  ( 2 ) .  

Analvs is  f o r  c o n v e r s i o n  t o  S o l u b l e  Products  - Conversion o f  coal  t o  
water  o r  base  s o l u b l e s  was determined by measurement o f  o p t i c a l  
d e n s i t y  a t  680 nm a f t e r  a p p r o p r i a t e  sample d i l u t i o n .  S t a n d a r d s  were 
prepared  from d r y  a c i d - p r e c i p i t a t e d  subsamples o f  s o l u b i l i z e d  ~ o d l  
p r o d u c t .  

Elemental A n a l v s i s  - Samples were d r i e d  f o r  4 8  h r  under  vacuum a t  
125°C p r i o r  t o  a n a l y s i s .  Elemental a n a l y s e s  were c a r r i e d  o u t  by 
Schwarzkopf M i c r o a n a l y t i c a l  L a b o r a t o r y ,  Woodside, N Y .  

Gel Perm e a t i o n  Chromat oaraDhv(GP C l  - G P C  was conducted i n  
t e t r a h y d r o f u r a n  s o l v e n t  c o n t a i n i n g  0.1% a c e t i c  a c i d  f lowing  a t  1 
mL/min through two pStyrage l  columns (100 and 500 A .  Waters 
A s s o c i a t e s  ( M i l f o r d ,  MA) i n  s e r i e s .  D e t e c t i o n  was by u l t r a v i o l e t  
absorbance (Waters  Model 490) and by mass d e t e c t o r  (Appl ied  
Chromatography Systems L t d ,  ( B e d f o r d s h i r e ,  England) .  C a l i b r a t i o n  was 
wi th  p o l y s t y r e n e  s t a n d a r d s ,  and w i t h  pyrene .  

13C N M R  S D e c t r o s c o w  - A Var ian  VXR-300 equipped w i t h  an u l t r a  high 
speed probe (Doty S c i e n t i f i c ,  Inc . ,Columbia ,  S C ) ,  s p i n n i n g  a t  14 kHz, 
was used t o  o b t a i n  N M R  s p e c t r a  o f  coal  and coal  b i o p r o d u c t s .  A t  the  
h igh  s p i n  r a t e ,  no s i d e b a n d s  i n t e r f e r e  w i t h i n  t h e  e n t i r e  s p e c t r a l  
window of  i n t e r e s t .  The i n s t r u m e n t  was run i n  t h e  c r o s s - p o l a r i z a t i o n  
mode, with a 56 kHz decoupl ing  f i e l d .  

RESULTS 

Recoveries  of  water  and base  s o l u b l e  m a t e r i a l  from t h e  p l a t e s  a f t e r  
d e g r a d a t i o n  f o r  5 weeks a r e  shown i n  Table  1 .  In c o n t r a s t  t o  llre 
b i o s o l u b i l i z a t i o n  o f  l e o n a r d i t e ,  which i s  rendered  water  s o l u b l e  by 
C. versicolor, y i e l d s  o f  water  s o l u b l e s  from Pen'icilliurrr-biodegl-aded 
p r e t r e a t e d  I l l i n o i s  #6 coa l  were very low. The t o t a l  y i e l d  o f  s o l i d  
m a t e r i a l  t h a t  could  be  d i r e c t l y  p i p e t t e d  from t h e  p l a t e s  was on t h e  
o r d e r  of  3%. When t h i s  m a t e r i a l  was recovered  from s o l u t i o n  by a c i d  
p r e c i p i t a t i o n  r a t h e r  t h a n  f r e e z e - d r y i n g ,  l e s s  t h a n  h a l f  could  be 
r e c o v e r e d ,  an i n d i c a t i o n  t h a t  t h e  w a t e r - s o l u b l e s  were contaminated by 
t h e  media i n  which t h e  organism was grown. Recovery o f  coa'l m a t e r i a l  
by base  e x t r a c t i o n  was much more s a t i s f a c t o r y .  Although recovery  
wi th  0 . 5  1 NaOH i s  i n d i c a t e d  t o  be 80 t o  90% i n  Table  1,  r e c e n t  d a t a  
has  shown t h a t  a f t e r  6 weeks o f  i n c u b a t i o n ,  over  95% can be e x t r a c t e d  
from t h e  p l a t e s  w i t h  b a s e .  The high d e g r e e  o f  s o l u b i l i t y  i n  even 
0 .01  a base  i s  an i n d i c a t i o n  t h a t  t h e  s o l u b i l i z a t i o n  by base  r e s u l t s  
from a m e t a t h e t i c a l  exchange o f  sodium i o n s  f o r  a c t i v e  hydrogens,  
r a t h e r  than  s o l v o l y s i s  r e a c t i o n s .  

The d a t a  i n  Table  2 i n d i c a t e s  t h a t  t h e  biodegraded m a t e r i a l  i s  
d i f f e r e n t  from m a t e r i a l s  d e r i v e d  from base  s o l u b i l i z a t i o n  o f  t h e  
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a i r - o x i d i z e d  c o a l .  Base s o l u b i l i z a t i o n  o f  a i r - o x i d i z e d  I l l i n o i s  #6- 
coal  i s  o n l y  accomplished t o  a s i g n i f i c a n t  e x t e n t  from 2 4 - h r  
t r e a t m e n t  w i t h  2 . 4  N base .  
s o l u b i l i z e d  m a t e r i a l  from the b i o t r e a t e d  coal  g i v e  o n l y  6% s o l u b l e s  
from t h e  undegraded p r e t r e a t e d  c o a l .  I n  a d d i t i o n ,  the  b iodegraded  
m a t e r i a l  has  s i g n i f i c a n t l y  d i f f e r e n t  molecular  weight p r o p e r t i e s  
t h a n  t h e  undegraded,  base sol ubi 1 i zed o x i d i z e d  coal  (Tab1 e 2 ) .  
Although t h e  molecular  weight (MW) ranges  a r e  s i m i l a r ,  t h e  base  
s o l u b l e  biodegraded coal  e x h i b i t s  a weight -average  MW o n l y  o n e - s i  x th  
t h a t  o f  t h e  b a s e  s o l u b i l i z e d  o x i d i z e d  c o a l .  A f t e r  r e c o v e r y  by a c i d  
p r e c i p i t a t i o n ,  t h e  w a t e r - s o l u b l e  biodegraded I l l i n o i s  P6 c o a l  i s  
e s s e n t i a l l y  i n d i s t i n g u i s h a b l e  i n  MW p r o p e r t i e s  from t h e  
cor responding  b a s e - s o l u b l e  m a t e r i a l .  For comparison,  t h e  m o l e c u l a r  
weight  c h a r a c t e r i s t i c s  o f  
t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e  i n  both  weight  a v e r a g e  MW and MW 
range between t h e  I l l i n o i s  #6 product  and t h e  l e o n a r d i t e  p r o d u c t .  

Ash and e lementa l  a n a l y s e s  of the  I l l i n o i s  P6 c o a l ,  b e f o r e  and a f t e r  
p r e t r e a t m e n t ,  and t h e  coa l -b iodegraded  p r o d u c t s  a r e  p r e s e n t e d  i n  
Table  3.  I t  i s  c l e a r  from t h e  d a t a  t h a t  t h e  p r e t r e a t m e n t  caused  
profound changes i n  t he  coa l  composi t ion .  Weight loss upon h e a t i n g  
i n  a i r  was 10%; e s s e n t i a l l y  t h e  same a s  when t h e  coal  i s  vacuum 
d r i e d  a t  125°C. However, Table  3 shows t h a t  t h e r e  was a s u b s t a n t i a l  
l o s s  i n  both  carbon and hydrogen a f t e r  h e a t i n g ,  o f f s e t  by a l a r g e  
i n c r e a s e  i n  oxygen c o n t e n t .  The e lementa l  composi t ions  o f  t h e  
biodegraded m a t e r i a l s  were lower i n  s u l f u r ,  presumably because  o f  
p y r i t e  l o s s e s  d u r i n g  the s o l u b i l i z a t i o n  and f i l t r a t i o n  p r o c e s s e s .  
Nitrogen was somewhat e l e v a t e d ,  p robably  due t o  some c o n t a m i n a t i o n  
w i t h  p r o t e i n  m a t e r i a l .  
s o l u b l e  p r o d u c t ,  and oxygenycarbon r a t i o s  were e l e v a t e d  i n  t h e  
products  over  t h e  s t a r t i n g  p r e t r e a t e d  c o a l .  Low m a t e r i a l  b a l a n c e s  
i n  t h e  a c i d - p r e c i p i t a t e d  p r o d u c t s  r e s u l t e d  from r e l a t i v e l y  high 
q u a n t i t i e s  o f  c h l o r i n e  were p r e s e n t  (2 .6% i n  t h e  water  s o l u b l e  
p r o d u c t ,  and 7 . 4 %  i n  t h e  base  s o l u b l e  p r o d u c t ) .  C h l o r i n e  ( a s  
c h l o r i d e  i o n )  would d i s p l a c e  m e t a l l i c  o x i d e  oxygen o r  hydroxyl  
d u r i n g  t h e  a c i d  p r e c i p i t a t i o n  p r o c e s s .  

1% N M R  s p e c t r a  o f  u n t r e a t e d  I l l i n o i s  P 6  c o a l ,  1 5 O O C  a i r - t r e a t e d  
I l l i n o i s  #6 c o a l ,  and t h e  base s o l u b l e  b i o d e g r a d a t i o n  product  a r e  
shown i n  F igure  1. Chemical s h i f t s  o b t a i n e d  from carbon i n  d i f f e r e n t  
chemical environments  have been well -documented i n  coa l  samples  ( 5 ) .  
The chemical s h i f t  r e g i o n  from 0 t o  75 ppm i n c l u d e s  resonance  from 
carbon i n  a l i p h a t i c  l i n k a g e s ;  t h e  r e g i o n  from 90 t o  155 ppm c o n t a i n s  
resonance  from carbon p r e s e n t  i n  a romat ic  r i n g s :  from 155 t o  215 ppm 
i s  found s i g n a l  from carbon p r e s e n t  i n  carbonyl  s t r u c t u r e s .  
S p e c i f i c a l l y ,  chemical shifts  i n  t h e  r e g i o n  165-185 ppm a r e  a s s i g n e d  
t o  carbon i n  carboxyl  groups ( 6 ) .  From Figure  1 ,  i t  can  be  seen t h a t  
upon a i r  t r e a t m e n t  a t  150"C, t h e  a l i p h a t i c  r e g i o n  i s  reduced  i n  
i n t e n s i t y  r e l a t i v e  t o  t h e  a romat ic  r e g i o n ,  and t h e  a r o m a t i c  r e g i o n  
somewhat broadened.  Upon b i o d e g r a d a t i o n ,  t h e  a l i p h a t i c  peak i s  even 

Condi t ions  producing high y i e l d s  o f  

biodegraded l e o n a r d i t e  a r e  i n c l u d e d :  

Oxy en was a p p r e c i a b l y  e l e v a t e d  i n  t h e  w a t e r  

659 



f u r t h e r  r e d u c e d ,  w h i l e  a d i s t i n c t  peak i n  the carboxyl  r e g i o n  i s  
produced.  For t h e  t h r e e  I l l i n o i s  #6 samples ,  q u a n t i t a t i v e  
d e t e r m i n a t i o n s  o f  t h e  r e l a t i v e  abundances of  d i f f e r e n t  carbon 
o b t a i n e d  by i n t e g r a t i o n  o f  t h e  t h r e e  chemical s h i f t  a r e a s  a r e  g iven  
i n  Table  4 ,  t o g e t h e r  w i t h  d a t a  o b t a i n e d  from l e o n a r d i t e  and 
bi odegraded 1 eonard i  t e .  

DISCUSSION 

Recent s t u d i e s  o f  t h e  a i r  o x i d a t i o n  o f  coa l  between ambient and 15OOC 
( 7 ,  8 ,  9 )  i n d i c a t e  t h a t  t h e  i n c o r p o r a t e d  oxygen i s  l a r g e l y  p r e s e n t  i n  
e t h e r - t y p e  l i n k a g e s  r a t h e r  t h a n  i n  carboxyl  groups as  might be 
e x p e c t e d .  I n f r a r e d  s t u d i e s  o f  coa l  d u r i n g  o x i d a t i o n  a t  t e m p e r a t u r e s  
between 25 and 100°C ( 7 , 8 )  have i n d i c a t e d  i n i t i a l  format ion  o f  
carboxyl  g r o u p s ,  f o l l o w e d  by the i r  d i s a p p e a r a n c e  (presumably through 
thermal  d e c a r b o x y l a t i o n ) ,  and t h e  e v o l u t i o n  o f  e t h e r  bonds.  A s t u d y  
o f  t h e  o x i d a t i v e  weather ing  o f  f r e s h l y  mined I l l i n o i s  #6 coal  ( 9 )  i n  
which an a d d i t i o n a l  26% oxygen was i n c o r p o r a t e d  over  2 months under 
ambient c o n d i t i o n s ,  found t h a t  no carbonyl  groups  were p r e s e n t .  The 
NMR spectrum o b t a i n e d  from o u r  p r e t r e a t e d  coal  sample i n d i c a t e s  t h a t  
carboxyl  groups a r e  n o t  i n  high c o n c e n t r a t i o n .  
peak c o n t a i n i n g  chemical sh i f t s  from aromat ic  carbon toward  h i g h e r  
chemical sh i f t s  i n  t h e  p r e t r e a t e d  sample ( F i g u r e  1 ) .  may be an 
i n d i c a t i o n  o f  c a r b o n  i n v o l v e d  i n  e t h e r  bonds,  s i n c e  t h e  C-0 chemical 
s h i f t  i s  i n  the r e g i o n  148-158 ppm ( 5 ) .  We t h u s  have ev idence  
through t h e  l i t e r a t u r e  and through t h e  NMR s p e c t r a  t h a t  oxygen 
i n c o r p o r a t i o n  i n t o  I l l i n o i s  coal  d u r i n g  p r e t r e a t m e n t  i s  l a r g e l y  
through e t h e r  f o r m a t i o n ,  and t h a t  l o s s e s  o f  carbon and hydrogen a r e  
through CO and COz e v o l u t i o n ,  a s  wel l  a s  l o s s e s  o f  o t h e r  v o l a t i l e s .  

Shown i n  Table  5 a r e  t h e  e m p i r i c a l  f o r m u l a s ,  based on 100 carbon 
a toms,  o b t a i n e d - f r o m  e lementa l  a n a l y s e s  o f  I l l i n o i s  #6 and l e o n a r d i t e  
c o a l s  and coal  p r o d u c t s .  In  terms o f  e lementa l  composi t ion ,  the  
e f f e c t  of  t h e  m i c r o b i a l  a c t i o n  on t h e  o x i d i z e d  coa l  d o e s  n o t  appear  
t o  be g r e a t .  For  t h e  I l l i n o i s  #6 coal  4 oxygens,  11 hydrogens ,  and 1 
n i t r o g e n  were added p e r  100 carbon atoms: f o r  t h e  l e o n a r d i t e  c a s e ,  2 
oxygens,  7 hydrogens ,  and 2 n i t r o g e n s  were added p e r  100 c a r b o n s .  
Although s t o i c h i o m e t r y  i s  not  p r e c i s e ,  t h e  a d d i t i o n  o f  t h e  e lements  
o f  water  d u r i n g  t h e  m i c r o b i a l  d e g r a d a t i o n  i n d i c a t e s  t h a t  h y d r o l y s i s  
i s  involved  i n  t h e  b i o d e g r a d a t i o n  o f  o x i d i z e d  c o a l .  F u r t h e r ,  an 
o x i d a t i v e  h y d r o l y s i s  mechanism i s  sugges ted  by t h e  r e d u c t i o n  i n  
molecular  weight  o f  t h e  m i c r o b i a l  p r o d u c t ,  t h e  appearance  o f  carbonyl  
i n  t h e  13C NMR s p e c t r a  a f t e r  b i o d e g r a d a t i o n ,  t h e  f a c i l e  s o l u b i l i t y  o f  
t h e  product  i n  weak b a s e ,  and t h e  f i n d i n g  i n  o u r  l a b o r a t o r i e s  t h a t  
s o l u b l e  enzymes produced by t h e  coa l  -degrading  organisms r e a d i l y  
hydro lyze  benzyl e t h e r s  and o x i d i z e  a r o m a t i c  hydrocarbons ( J .  A .  
Campbell e t  a l . ,  p r e s e n t e d  a t  t h i s  symposium). 

The o x i d a t i o n  of l i g n i n  m a t e r i a l s  has been r e p o r t e d  t o  occur through 
mechanisms i n v o l v i n g  c l e a v a g e  o f  b e t a - a r y l  e t h e r s  ( l O , l l ) ,  and 

The broadening  o f  t h e  
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aromat ic  r i n g  c l e a v a g e  (12). In  a d d i t i o n ,  p a r a l l e l  pathways o f  s i d e  
c h a i n  d e g r a d a t i o n ,  d e c a r b o x y l a t i o n ,  and a r o m a t i c  r i n g  opening  have 
been d e s c r i b e d  f o r  t h e  d e g r a d a t i o n  o f  l i g n i n  model compounds (13). 
From o u r  1% N M R  d a t a  ( T a b l e  4), l e o n a r d i t e  l o s e s  10% a r o m a t i c  carbon 
whi le  g a i n i n g  10% C-0 carbon,  which i s  c o n s i s t e n t  w i t h  a mechanism o f  
a romat ic  o x i d a t i v e  h y d r o l y s i s ;  however, t h e r e  does n o t  appear  t o  be a 
loss o f  a r y l  carbon i n  t h e  c a s e  o f  t h e  I l l i n o i s  #6 coal  ( T a b l e  4). 
For I l l i n o i s  t 6  c o a l ,  e t h e r  c l e a v a g e  and s i d e  cha in  d e g r a d a t i o n  seems 
t o  be f a v o r e d ,  s i n c e  l o s s  o f  a l i p h a t i c  carbon i s  observed .  
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Table 1. Yields o f  Penici77ium-Degraded Illinois #6 Coal 

Extracti n q  % o f  Biodearaded 
Sol vent Jllinois #6 Coal 

Lxt r act e d  

Water 3.0 f0.8 (s.d. ,n-6) 

0.50 1 NaOH 
0.05 1 NaOH 89.4 f2.2 (range,n-2) 

0.01 1 NaOH 51.0 f6.5 (range,n-2) 

79.0 f10.9 (range,n-2) 

Tab1 e 2. Y i el ds and GPC - Det ermi ned Mol ecul ar Weights o f  Sol ubl e 
Coal Fractions 

SamDl e Solvent % Sol uble IJt. Av, M 
Treatm et-& MQJ2 m 

Weiaht 01") 

Biodeg. 111 #6 0.05-0.5 N 100 900 200 - 100,000 

HZO-Sol Ill#6 H20  100 1000 200 - 100.000 

(Insol. H20, 
sol. base) 

(Acid pptd) 

Air Ox. I11 #6 2 .4  N NaOH 25 6,000 200 - 100,000 
( 1 5 O o C ,  7 days) 

Air Ox. I11 #6 0.5 N NaOH 6 

Biodegraded H20 100 2,000 200 - 20,000 
Leonardi te 

* Base soluble fractions were 70 to 90% soluble in the GPC 
sol vent 
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I Table 3 Elemental Analys is  o f  I l l i n o i s  #6 Coal 
1 
I B iodegrada t ion  Products :  Comparison w i t h  S t a r t i n g  

Materi a1 s and Leonardi t e  Products  

SamDle , u u x o f l $ s L A d l I Q l a l  

ILL #6 Coal 67 .43  4.08 11.8 1 . 5  4.35 14.16 103.32 
Air O x  Coal 58.53 2.13 23.42 1 .16  4.36 14.42 104.02 

Base Sol P rod52 .85  2.41 23.74 1.77 2.57 10.15 93.49 
H20 Sol Prod 56.12 2.14 29.75 3 . 0 4  2.59 2.03 95.67 
( a c i d  p rec i  p )  

Leonard i te  54.95 3 . 6  30 .24  0 . 8  1.06 8.32 98 .97  
Leon Prod 53.53 3 .83  30.7 2.07 1.06 3 .48  94.67 
( a c i d  p rec i  p )  

Table 4 .  Carbon-Type Analys is  o f  Coal and Biodegraded Coal 
Samples by 1% NMR 

% C-0 % A romat ic  C % A l iDha t iC  C 

I l l i n o i s  #6 5 55 40 
Oxidized I l l i n o i s  '#6 17 58 25 
Biodegraded I11 116 28 60 12 

Leonard i te  10 45 45 
Biodegraded Leonard i te  20 35 45 

Table 5. Empirical  Formulas Ca lcu la t ed  f o r  I l l i n o i s  #6 Coa l ,  
Leonardi t e ,  and The i r  Biodegrada t ion  Products  

I l l i n o i s  #6 Coal Cioo H73 013 Ni.9 S2.4 

Hea t -Trea ted  I l l i n o i s  #6 Coal 

Base S o l u b l e ,  Acid P r e c i p i t a t e  

C l O O  H44 030 N1.7 s2.8 

C l O O  H55 034 N2.9 s1.8 

Leonardi t e  Cioo H79 041 N1.2 So.7 

Water S o l u b l e ,  Acid P r e c i p .  C l O O  H86 043 N3.3 s0 .7  

663 



/- 
7 1 1 1 1  , I  1 1 1 1 , 1 1 1 1 , 1 1 1 1 ~ 1 1 1 1 ~ 1 1 1 1  , , I  

250 2 0  150 100 50 0 - 0 PPH 

Figure 1 .  13C NMR spectrum o f  I l l i n o i s  #6 coal and coal products. 
Bottom, untreated I l l i n o i s  #6 coal : Middle, coal pretreated by 
heating a t  150" C i n  a i r :  Top, pretreated coal a f t e r  degradation by 
the  fungus Penicillium sp. 
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